Abstract Uninterrupted records of annual discharge from the Yangtze River to the sea (at Datong Hydrographical Station) began in the 1950s. This series shows no significant trend. However, at Hankou, a station upstream from Datong, annual discharges have been observed since 1865 almost without gaps. The annual discharges at Datong and Hankou were found to be closely correlated. Based on the regression equation, the missing annual discharges at Datong were estimated and a time series from 1865 to 2004 was established. Although the annual discharge has varied greatly, it shows a significant decreasing trend. The trendline revealed an 8.2% decrease from 1865 to 2004. The decrease in discharge was attributed to increases in water consumption and reservoir construction, while the interannual variations were related to climate variability. The decreasing trend in discharge is expected to continue in the coming decades due to human activities. This decreasing trend should be taken into account in the decision making on the South-to-North-Water Diversion projects.
INTRODUCTION
River discharge is of critical importance for the lower river reaches, estuary and adjacent sea, in the ecological, social, and economic contexts (Poff et al., 1997; Cui, 2002; Horrevoets et al., 2004) . Many rivers are altering their discharges due to climate change and human activities. Over the past decades, about 22% of the world's rivers showed statistically significant decrease in annual discharge (Walling & Fang, 2003) due to water consumption and diversion and reservoir construction, which led to great environmental problems (Wiegel, 1996; Trenhaile, 1997; Yang & Saito, 2003) . For example, the cessation of discharge from the Colorado River to the northern Gulf of California has led to a conversion of the deltaic basin from an estuarine setting to a hypersaline and anti-estuarine one (Kowalewski et al., 2000; Carriquiry et al., 2001) . The dramatic decrease in discharge from the Yellow River (Huanghe) has led to great impacts on the economy of the delta and on the ecology of the adjacent sea (Tian, 1997; Ye, 1998; Cui, 2002) . The decrease in water discharge has also reduced sediment supply and caused coastal erosion in many river systems (Jay & Simenstad, 1996; Wiegel, 1996; Yang et al., 1998; Daessle et al., 2001; Yang & Saito, 2003) . On the other hand, about 9% of the world's rivers showed statistically significant increasing trends in annual discharge (Walling & Fang, 2003) . Increase in discharge usually occurs in high latitude rivers (Peterson et al., 2002; Manabe et al., 2004) . For instance, the annual discharge of the Lena River in the Arctic increased by more than 10% from the 1940s to the 1990s (Yang et al., 2002; Ye et al., 2003) . The annual runoff in Sweden increased by 5% over the past century (Lindström & Bergström, 2004) . A statistically significant trend shows only if changes are strong enough and the time series is long enough (Radziejewski & Kundzewicz, 2004) . For example, the annual discharge in the Mississippi showed no significant trend during 1950 -1975 (Walling & Fang, 2003 , but it showed a significant increasing trend from the 1950s to 2001 (Raymond & Cole, 2003) .
Global warming, caused by anthropogenically enhanced greenhouse effect, continues to dominate the world's science and policy agenda on global change (Vörösmarty et al., 2000) . One fundamental concern is the impact of this climate change on water supply from rivers (Wigley & Jones, 1985; Arora & Boer, 2001; Milly et al., 2002; Manabe et al., 2004) . The question of how human society directly influences the state of the terrestrial water cycle has received much less attention, despite the presence of the socio-economic "equivalent of the Mauna Loa curve", rapid population growth and economic development (Vörösmarty et al., 2000) . It is necessary to examine how human activities and climate change have affected, and will affect, the river discharge.
The Yangtze River is the largest river in China and the third largest in the world in terms of annual discharge to the sea (Nilsson et al., 2005) . In order to mitigate the severe water scarcity in North China (Varis & Vakkilainen, 2001) , the South-to-North Water Diversion projects are now under consideration (Xu, 2003) . These projects assume transfer of 45 to 46 × 10 9 m 3 of water per year from the Yangtze River (Xu, 2003) , which will reduce the annual discharge by about 5%. To what extent these water diversion projects will affect the Yangtze River environments depends on how the annual discharge is changing. If the annual discharge increases, the impacts of the water diversion projects will probably be negligible. However, if it decreases, the water diversion will probably induce severe environmental impact. Shanghai, the largest city in China, is located in the Yangtze River delta. The city government is planning to construct reservoirs in the estuary for freshwater supply. The decrease in discharge from the Yangtze River will influence these projects.
Although several studies have examined the trend in Yangtze annual discharge to the estuary, the time spans of their data sets were less than 50 years (Chen, Z. et al., 2001; Chen, X. et al., 2002; . These studies failed to reveal a significant trend. More reliable trend analyses of river discharge require longer data sets (Eisma, 1993) , but very few rivers have annual discharge data sets longer than 50-100 years (Milliman, 2001 ). In the Yangtze River, uninterrupted collecting of data on annual discharge to the sea (Datong Hydrographic Station) began in 1950. Nevertheless, at the upper stations of Hankou and Yichang, regular observations of annual discharge began in the late 19th century almost without interruption. Although the trend in annual discharge at Yichang was examined for the period 1882-2001 (Xiong & Guo, 2004) , the annual discharge at Yichang is less than half that at Datong and cannot be used to represent the discharge to the estuary. The objectives of this study are: (a) to obtain data of annual discharge from the beginning of observations at the hydrographic stations at Datong, Hankou and Yichang; (b) to quantify the statistical relationships between annual discharges at these stations and test their significance levels; (c) to estimate the missing annual discharges at Datong using the statistical links and extend the time series to reach from 1865 to 2004; and (d) to reveal the trend and interannual variations of discharge and examine their causes.
STUDY AREA
The Yangtze River originates in the Qinghai-Tibet Plateau and extends 6300 km eastwards to the sea ( , respectively, based on climate data since 1880 (Shen, 1986; HBWCMC, 1998; Wang et al., 2000) . Datong is the tidal limit of the Yangtze River mouth. Hankou is about 600 km upstream from Datong and controls 82% of the catchment area. The annual discharge at Hankou is 80% of that at Datong on average. Yichang is nearly 600 km upstream from Hankou. Its annual discharge is 62% of that at Hankou. 
DATA SET AND METHODS
Annual discharges observed at Datong, Hankou and Yichang were received from the Yangtze River Water Conservancy Committee, Ministry of Water Conservancy of China. Precipitation data were collected from the Weather Information Center, Weather Bureau of China. The annual discharge was observed in 1923 -1924 , 1930 , 1935 -1937 , 1948 and 1950 at Datong, in 1865 -1943 and 1946 at Hankou, and in 1878 -1879 and 1882 at Yichang. Although the discharges showed interannual variations, the variations were highly synchronous, especially for those at Hankou and Datong (Fig. 2) . In order to estimate the two missing annual discharges at Hankou, a regression equation was established between the observed annual discharges at Hankou and Yichang. Similarly, a regressive equation was established between the observed annual discharges at Datong and Hankou to estimate the missing annual discharges at Datong. In this way, a complete series of annual discharge from 1865 to 2004 at Datong was obtained. The errors of the estimate depend on the correlation levels (correlation coefficients and significance levels) between the observed discharges. If the correlation level is very high, the errors are very low. Significant linear relationships of observed discharges were found to exist between Yichang and Hankou and between Hankou and Datong as follows:
where D Y , D H and D D are annual discharges at Yichang, Hankou and Datong, respectively, r is the correlation coefficient, n is the length of the data set (number of annual values) and P is the significance level. Figure 3 shows the regression plots of discharges between Datong and Hankou. Following the above regression equations, the missing annual discharges were estimated and a time series of discharge at Datong from 1865 to 2004 was established (Fig. 4) . 
RESULTS AND DISCUSSION

Variability of discharge in response to climate episodes
The annual discharge varied greatly, with scales from a few years to several decades (Fig. 4) . These interannual variations are mainly attributed to climate variability. As pointed out by Viles & Goudie (2003) , interannual-, decadal-and multidecadal-scale climatic variability is evident and varies from place to place and time to time. For example, the El Niño Southern Oscillation (ENSO) has a periodicity of around four years (2-to 7-year time band) (Philander, 1999) . Decadal and interdecadal variability is evident in the North Atlantic Oscillation and the Pacific Decadal Oscillation (Viles & Goudie, 2003) . In eastern China, the annual precipitation from 1880 showed variability with time bands from 3.3 to 26.7 years (Wang et al., 2000) . The major variations in Yangtze discharge corresponded well to the precipitation in eastern China (Fig. 5) . According to the definition of eastern China-east of 110°E-by Wang et al. (2000) , less than half of the Yangtze catchment is located in this area (Fig. 1) . Precipitation data from 35 meteorological stations, 11 of which are in the Yangtze catchment, were used in the study of Wang et al. (2000) . It is reasonable to assume that covariations in annual precipitation and discharge will be more significant if the precipitation is representative for the whole catchment. For example, the monthly runoff at Datong for 1950-2002 corresponds well to the average of monthly precipitations at 51 weather stations in the whole Yangtze catchment (Zhang et al., 2005) . The mean precipitation in Fig. 6 was based on 40 meteorological stations representatively distributed in the Yangtze catchment. This figure shows that more than 90% of the interannual variations in discharge and precipitation are covariants, i.e. synchronously increasing or decreasing. Because of the covariations, a significant regression exists between discharge and precipitation (Fig. 7) . Figures 5-7 suggest that the interannual variations in Yangtze discharge are governed by climate variability in the catchment. Some of the global climate episodes were reflected by the reconstructed annual discharges. For example, there was a globally dry period around 1900, during which precipitation strongly declined (WMO, 1995; IPCC, 1996) . The minimum precipitation and discharge in 1900 in the Yangtze catchment and eastern China well reflect this regularity (Fig. 5) . The low discharge episode in the late 1920s reflects another drought in China (Fig. 5) and possibly in the world. The highest discharge in 1954 and the fourth highest discharge in 1949 (Fig. 4) corresponds to a globally wet episode (WMO, 1995; IPCC, 1996; Wang, et al., 2000) . On the other hand, some of the Yangtze River discharge episodes were not consistent with global climate changes. For instance, in the 1930s, the global precipitation was at a mean level (WMO, 1995; IPCC, 1996) , whereas high precipitation and discharge occurred in the Yangtze catchment and eastern China (Figs 4 and 5) . These disagreements suggest that regional climate may not coincide with the globally-averaged climate (Hulme, 1996; Viles & Goudie, 2003) .
Trend in annual discharge and its causes
Although the discharge at Datong is highly scattered due to climate variability, it shows a decreasing trend (Fig. 8) . The trend is significant at a level of P < 0.05. According to the regression equation in Fig. 8 , the annual discharge decreased by 8.2% from 1865 to 2004. Although the decrease is based on an estimate of a data set with 78 missing annual discharges (more than half of the entire time series), it is acceptable because it is linked to discharge at Hankou, where only two annual discharges were missing. This decreasing trend in annual discharge is 17% stronger than that at Yichang (also P < 0.05), where a decrease of 6% was found for the period 1882-2001 (Xiong & Guo, 2004) , taking the difference in length of time series into account. The decreasing trend in Yangtze discharge is mainly attributed to human activities because neither the precipitation (Wang et al., 2000) nor the snow-and glacier-melt water in the river basin has shown a decreasing trend (Li, 1996) . In fact, the mean precipitation in eastern China showed a spurious increase, at the rate of 0.1% (100 year) -1 from 1880 to 1998 (Wang et al., 2000) , while the annual discharge at Datong showed a decreasing rate of 6.2% (100 year) -1 . Over the past decades, the glaciers in the headwater area of the Yangtze have been retreating due to global warming (Li, 1996) , which perhaps has supplied more melt water to the river system. Because the sum of annual precipitation and melt water suggested a slight increase, the actual loss of water due to human activities was perhaps greater than the rate of 6.2% (100 year) -1 . Although the world precipitation increases by 1.5-3.0% as the air temperature increases by 1°C on average (IPCC, 1990; Hulme et al., 1998) , the relationship between temperature and precipitation varies greatly from region to region (Hulme, 1996) . For example, the annual rainfall and discharge in the Mississippi River has increased (more than +25% (100 year) -1 ) since the 1950s (Raymond & Cole, 2003) . In contrast, almost during the same period , the precipitation showed a decreasing rate of 5.5% (100 year) -1 in China (Wang, 1996) and 6.2% (100 year) -1 in eastern China (Wang et al., 2000) , and the annual discharge at Datong showed a decreasing rate of -12.5% (100 year) -1 . Over this period, the 6.3% (100 year) -1 difference between decreases in annual discharge and precipitation in the Yangtze also reflects the influence of human activities. Of course, the difference in the precipitation-temperature relationship between China and the world also suggests that regional climate may not coincide with that of the globally averaged climate.
The Yangtze population increased from 155 million in 1890 to 440 million in 2001, in a pattern similar to the world population boom (Fig. 9) . The rapid increase of population in the Yangtze River Basin mainly occurred after the Second World War and the Liberation War, ending in the late 1940s. The population boom and the rapid development of agriculture and industry in the river basin greatly increased water consumption. In addition to water consumption, nearly 50 000 reservoirs have been constructed in the Yangtze River basin. The total storage capacity of these reservoirs has increased from <1.0 × 10 9 m 3 in the early 1950s (Zhu, 2000) to 200 × 10 9 m 3 , constituting 22% of the Yangtze annual discharge to the sea (Yang et al., 2004) . The impoundment of nearly 200 × 10 9 m 3 of water in new reservoirs in the past 50 years, accounts for 7% of the accumulative loss of discharge. Moreover, reservoirs have enlarged water surface and therefore have increased evaporation. As shown in the previous paragraph and Fig. 4 , the decrease in Yangtze discharge has mainly occurred over the last five decades, which corresponded to the intensified human activities. Thus, human activities are likely to have been the dominant cause for the decreasing trend in Yangtze discharge to the sea. Human-induced water loss is probably greater in the Yellow River than in the Yangtze. The population of the Yellow River basin increased from 42 million in 1953 (Zhang et al., 2003) to 107 million in 1999 (Yin, 2002) in the same period. On average in the Yellow River basin, about 46% of the discharge loss was attributed to human activities and 54% was attributed to regional climate variability (Liu & Zhang, 2004) . Therefore, in the Yellow River basin, the average loss of discharge, per person, was about 300 m 3 year -1 .
Expectation for the coming decades
In the future decades, human activities will most probably continue to play a dominant role in influencing the discharge of the Yangtze to the sea. As shown above, the Southto-North Water Diversion projects are planned to reduce the Yangtze annual discharge by 5%. The increases in population and economy will continue, and many new reservoirs will be built in the catchment, which will inevitably lead to further decrease in annual discharge. Studies on the impact of global warming on river discharges show conflicting results. The simulation by Manabe et al. (2004) suggests that annual discharge will increase in most of the world's rivers, and the annual discharge of the Yangtze will increase by 4% from the pre-Industrial Period to 2050. Similar results were given previously by Arnell (2003) . On the other hand, the simulation by Arora & Boer (2001) suggests an overall decrease in annual discharge from the major rivers of the world. In this simulation, the Yangtze is listed in the categories of decreasing mean annual flow and flood magnitude (Arora & Boer, 2001 ). Whichever of the two simulations is correct, the annual discharge from the Yangtze River to the sea will probably continue to decrease in the coming decades.
SUMMARY AND CONCLUSIONS
Based on significant correlations between discharges observed at three hydrographic stations in the mainstream of the Yangtze River basin, a time series of annual discharge to the sea from 1865 to 2004 was reconstructed. Although the annual discharge varied greatly, a significant decreasing trend was found. According to the trendline, the discharge decreased by 8.2% from 1865 to 2004. Because the precipitation and melt water showed a slight increase, the decreasing trend in discharge was attributed to human activities. The major cause for the decreasing trend was the increase in water consumption. A minor cause was reservoir construction, which stores water and enhances evaporation. The annual discharge from the Yangtze to the sea will most probably continue to decrease in the coming decades. This decreasing trend should be taken into account when the government makes decisions on water diversion from this river, such as the South-to-North Water Diversion projects.
On the other hand, the anomalies of discharge were governed by regional interannual climate variability. Most of the variations in discharge coincide with the variations in precipitation. Some of the discharge episodes in the Yangtze, especially the extreme ones, reflect global climate changes, while others do not. This suggests that regional climate may not vary in conjunction with the globally averaged climate.
